Abstract: Dimensional accuracy of features generated by electro discharge machining (EDM) is influenced by process parameter combination as well as process instability. In present study, an attempt has been made to study the effect of process parameters viz. pulse ON time, tool path offset, scanning speed, pulse OFF time and gap voltage on overcut, internal edge radius and achieved cavity depth during planetary EDM of Ti-6Al-4V. Experimentations designed using Taguchi's L'16 standard orthogonal array has been carried out using copper as well as graphite electrodes. Results suggest that for both electrode materials, pulse ON time have relatively high statistical significance on overcut (51.7% and 34.9%) and internal edge radius (76.7% and 28.7%). However, cavity depth achieved is significantly affected by pulse ON time (15.7% for copper and 40.9% for graphite) as well as tool path offset (79.8% for copper and 33.2% for graphite).
Introduction
Electro discharge machining (EDM) process is one of the most widely accepted non-traditional machining processes owing to its capability to machine high strength materials that are difficult to process by conventional means. The technique utilises precisely controlled and repetitive electric sparks to remove material from the work piece surface in the form of micro craters and negative image of the tool electrode is generated on the work piece surface (Ramakrishnan and Karunamoorthy, 2009) .
Even though it is extensively used in manufacturing sector, the efficiency of EDM process is affected by issues like lower material removal rate and poor surface quality. To eliminate these limitations, researchers have attempted many process improvement techniques such as inclusion of tool rotation, tool/work piece vibration, modifications in dielectric medium such as addition of powder suspensions, improvement of properties/wear resistance of work piece/tool electrode by cryogenic treatment etc. to name a few. Despite the improved performance in terms of material removal rate and surface quality by the application of these process improvement methods, aspects like overcut, aberrations in features due to wear on the tool electrode, which are inherent in process like EDM, have always reduced the effectiveness of the process. Since these issues are unavoidable, it is necessary to study them in detail so that the machining parameters may be selected accordingly or proper compensation strategies may be employed for accurate machining of final target or product.
The efficiency of the process is not only dependent on the process parameters, but also on the thermal and electrical properties of the tool electrode and workpiece material (Abdul-Rani and Mahamat, 2013) . A rise in temperature in work piece or tool electrode may result in arcing, thereby resulting in process instability, leading to intense wear on the tool electrode and hence inaccuracy in machined features. Planetary actuation of the tool electrode can be a feasible option under such process conditions.
In planetary tool actuation technique, the tool is made to move along a predefined path in a 3D space. Hence, a smaller tool electrode can be used to create a bigger cavity. At the same time, the relatively large inter electrode gap along with the swirling motion of the tool electrode facilitates effective flushing thereby reducing the chances of debris accumulation in the machining zone as well as rise in temperature of tool and workpiece (Sriani et al., 2010; Rajurkar and Royo, 1989) . It has been reported that the application of |planetary tool actuation results in homogenous wear on the tool electrode and increases the surface quality of the feature (Yu et al., 2002; Rebelo et al., 1998) . However, it has also been reported that the actuation also results in slight reduction in material removal rate on comparison with conventional die sinking EDM technique.
Researchers have reported different modes of planetary strategies in EDM process. El-Taweel and Hewidy (2009) studied the effect of strategies like spiral and helix modes for the generation of circular cavities. Dave et al. (2012a Dave et al. ( , 2013 studied the application of planetary tool actuation on drilling of Inconel 718 and AISI 304 and reported that tool actuation parameters have an influence on material removal rate. Ziada and Koshy (2007) utilised the concept of synchronous orbiting of rotating curvilinear tools for the generation of polygonal shapes with sharp corners. Ferreira (2007) demonstrated the concept of planetary tool actuation for the generation of helical threads in die cavities. The technique has also been applied by researchers during micro feature generation by EDM process. Bamberg and Heamawatancachai (2009) investigated the effect of z-slicing, cylindrical slicing and z-spiralling during generation of circular micro features. Similar studies have been carried out by Guo et al. (2013) for generation of high aspect ratio micro holes (Guo et al., 2013) . Egashira et al. (2006) used planetary tool actuation of rotary micro electrodes for the generation of micro holes. Apart from applications for generating features by 3D tool actuation, work has also been reported on 2D tool electrode actuation in radial directions for boring circular holes (Kumar et al., 2016) . Centrifuge action of the workpiece proportional to rotational motion of the tool electrode has also been reported for improving efficiency of EDM drilling process (Amouzegar et al., 2015) .
During literature survey, it has been understood that majority of the research that has been reported pertaining to EDM of titanium alloys, the target feature size is too small or shallow. This may be because of the higher machining time caused due to the instability caused by the temperature rise in tool and work piece. At higher machining depths, inaccuracies with higher intensity may be anticipated. Further, it has also been understood that majority of the works related to planetary tool actuation has been reported on the generation of circular features. In EDM process with tooling having sharp features, the wear characteristics and hence the final feature accuracy will be different. Hence, the present study is aimed to study the effect of various process parameters on dimensional inaccuracies in non circular features generated on a titanium alloy using EDM with planetary tool actuation. Further, empirical models have been developed for the responses considered for analysis and used for discussing the results.
Experimental plan and procedure
The experimentations have been carried out on Joemars JM 322 AZ50R EDM machine tool [ Figure 1(a) ]. The set up has been additionally equipped with an orbital attachment for tool actuation in a range of 1 μm to 4,999 μm. As the present study is focused on aberrations occurred during generation of non circular features, the target feature has been selected as square with dimensions 10 mm × 10 mm × 10 mm. Based on the studies on the effectiveness of tool actuation strategies like planetary and diagonal, which have been carried out by authors, it is understood that planetary tool actuation is preferable to Diagonal tool actuation in terms critical responses in EDM process (Mathai et al., 2014 (Mathai et al., , 2015 . In planetary tool actuation strategy, the tool is actuated along a 3 dimensional path. The tool path in planetary tool actuation is parallel to the cross sectional shape of the final target cavity. As the target feature in present study has square shape, the final tool path trajectory will appear like a square shape helix. To carry out experimentations, square shaped electrodes made of copper and graphite has been employed. Titanium grade 5 alloy (Ti-6Al-4V) which has wide range of applications in fields like aerospace, biomedical etc. is selected as the work piece material. Concept of split workpiece has been employed as the machined feature can be opened up and the feature distortions can be studied in detail [Figures 1(b) and (c)]. Effectiveness of EDM process is highly influenced by the levels of process parameters that are used during machining. The amount of energy employed during the process defines the amount of material removed from the work piece or eroded from the tool electrode. Further, being a thermal energy based machining process, it may not be possible to employ same process parameter levels for all workpiece materials; owing to the difference in thermal as well as electrical properties of the same. Hence it is important to identify appropriate process parameter levels for effective feature generation on a specified material.
Since the present study is associated with a study on EDM process with tool actuation, it is also necessary to study effect of parameter associated with tool kinematics on process improvement. In planetary tool actuation, as a smaller tool actuated with a predefined traversing speed can be used to create a larger cavity, flushing at the inter electrode gap is anticipated to improve, leading to enhanced process stability. However, the reduction in size of the tool electrode may reduce the heat carrying capacity of the tool electrode, leading to intense electrode wear and hence feature distortion.
Therefore, for designing the experiments, three electrical parameters viz. pulse ON time, pulse OFF time, gap voltage and two tool actuation parameters viz. tool path offset and scanning speed of the tool electrode have been considered at four different levels. Table 1 shows the parameters and the levels considered for experimentations. Taguchi's 16 L′ standard orthogonal array has been employed for planning the experiments. Inaccuracies occurred during feature generation have been quantified in terms of three responses, viz. overcut, internal edge radius and cavity depth achieved which are pictorially shown in Figure 2 . Overcut is the difference between cross sectional size of machined cavity and size of the target cavity. In present study, the target cavity dimension for each experiment has been calculated using the summation of the edge length of the tool and two times the tool path offset employed for that experiment. The expression used for the calculation of the same is given below:
where α is the length of one lateral edge of the square shaped tool and τ o is the tool path offset employed for machining. The final cross sectional size of the cavity has been measured at the top side of the feature, where the overcut is usually highest. Tool wear in EDM is almost an unavoidable issue in EDM which makes the machining of sharp features difficult. Hence radius of rounding off of internal horizontal edges of the cavity has been measured. Further, the loss of material in terms of length from the electrode results in non attainment of target cavity depth. Hence cavity depth achieved under each condition has also been measured. The data for all three responses have been collected using a vision measurement system with a least count of 1 μm.
For analysis of results, signal to noise ratios (η) have been calculated for each responses. As overcut and internal edge radius are non desirable responses, expression for smaller the better condition has been employed. As maximum cavity depth (ideally design or target depth) is preferable, signal to noise ratios for cavity depth have been calculated using expression for larger the better condition. The expressions for both conditions are given below: 
where y i is the response value and n = number of repetitions. The results for all three responses are tabulated in Table 2 . In order to identify the parameters having significant effect on responses, analysis of variance (ANOVA) at confidence interval of 95% has been carried out. If the p-value for a parameter is less than 0.05, the same can be considered as a significant factor (Ross, 1996; Phadke, 1989) . Interaction effects have not been considered as it has been understood from previous research works that contribution of such effects on dimensional inaccuracies in EDMed features are relatively low (Singh et al., 2004; Shamsudin et al., 2008) .
To study the combined effects of parameters on the responses, empirical models have been developed using the concept of non linear regression considering the general expression as under:
where y = response, X 1 , X 2 …X 5 = parameters considered, α 1 , α 2 …,α 5 = power indices of respective parameters, A = constant. Equation (4) is then converted into linear from by logarithmic transformation as shown below: log log log log log log log
Equation (5) has been rewritten as 
where ŷ true value of the response variable on a logarithmic scale, x 1 , x 2 …. = logarithmic transformations of input parameters, β 0 , β 1 , β 2 , β 3 , β 4 , β 5 = corresponding parameters to be estimated. The transformed equation is solved to calculate the values of constants using the experimental design and response values obtained through experimentation using Gauss Newton method. Adequacy of the models has been checked using error estimation terms like mean error, standard deviation and average percentage error as explained by Dave et al. (2012b) using the expressions given below:
where y i = response value generated using the model, y exp = corresponding response value obtained through experiment, µ = average of response values obtained using model, N = number of observations.
Results and discussions
Observations obtained from experiments have been converted in to signal to noise ratios using appropriate expressions. Effects of the process parameters have been studied with the help of main effect plots. Analysis of variance has been carried out to identify the statistically significant parameters. Empirical models have been developed for predicting the responses under different levels of process parameters. The models developed are given below: 
Adequacy of the models developed has been checked with the help of error estimation parameters discussed in previous section. Table 3 shows the results obtained for the same. It can be seen understood that the developed models have reasonably good prediction capability as the obtained parameter values are low. Copper Graphite
Analysis of overcut
Main effect plots showing the effects of parameters on overcut when copper and graphite are used as tool electrodes are shown in Figure 3 (a)-3(j). As the graphs are plotted using signal to noise ratios, a higher value for the same implies lower overcut. It can be seen from Figure Table 4 shows ANOVA results for overcut when the tool electrodes employed are copper and graphite. It can be clearly seen that in the case of copper, pulse ON time and scanning speed of the tool electrode have the highest statistical significance. However, in the case results obtained for graphite electrodes, none of the parameters have been found to be significant. Figures 4 and 5 show the combined effect of pulse ON time, which has been identified as the most significant parameter along with other electrical as well as tool actuation parameters on overcut. As inferred from the main effective plots and analysis of variance for overcut, it can be understood that pulse ON time have a significant effect on overcut in features produced using copper as well as graphite electrodes. As discharge energy is a function of pulse ON time, an increase in the same will result in to increase of more amount of material removal per machining cycle. This might have resulted in generation of features slightly bigger than the required size. Even though feature aberration can be related to discharge energy applied for machining, the same may also be influenced by the extent of process stability. As pulse ON time determines the length of the discharge cycle in EDM process, the use of high pulse ON time levels will result in increase in temperature at the machining zone as well as in tool electrodes/workpiece. Such conditions may contribute to the occurrence of arcing, leading to anticipated removal of material. As in planetary EDM, the machining happens both at vertical as well as bottom surface of the electrodes, occurrence of such conditions may result in generation of features slightly bigger than target size. 
However, in the case of variation of pulse OFF time along with pulse ON time, it can be seen that a lower parameter level is preferable for reducing the overcut in features machined using both copper as well as graphite electrodes. Even though the result has been found to be slightly contradictory as an increase in pulse OFF time should generally decrease the possibilities of process instability, the overcut that occur during feature machining might have indirectly got compensated due to the wear on the vertical sides of the tool electrode. As overcut is mainly due to the sparking that occurs between the vertical sides of the tool electrode and machined cavity surface, the loss of material from the sides of electrodes may result in undercutting of material, in comparison with the material removal that takes place with an electrode without any wear. It is also worth noting the intensity of variation in overcut with change in pulse OFF time is more pronounced in the case of features machined using graphite electrodes. This may be due to the relatively lower thermal properties of graphite in comparison with that of copper. At a lower pulse OFF time, the electrodes tend to wear out intensely due to the heat accumulation and arcing. The inability of the graphite material to dissipate heat quickly may lead to intense loss of material from the electrode and hence reducing the possibility of enlargement of machined features from its target size. 
Further, it can be seen from Figures 4(d) and 5(d) that the overcut increases with increase in gap voltage for both electrode materials. The observed trend may be due to the increase in discharge energy. As discharge energy increases, the amount of material removed from the work piece surface also increases. Hence an increase in gap voltage may result in to unanticipated removal of material, resulting in to enlargement of machined features. Among tool actuation parameters, it has been observed that tool path offset does not have a significant influence on overcut in features machined using both electrode materials. However, scanning speed of the tool electrode has been found to have a pronounced influence on the same. It can be seen that overcut increases with increase in scanning speed of the tool electrode. The higher overcut at high scanning speeds may be due to the secondary sparking that usually takes place between the debris and vertical wall of the generated feature. At high scanning speed, the velocity of swirling fluid at the inter electrode gap will be relatively high. This may cause forceful ejection of debris from the machining zone and during its outward course, some debris particles having small charge may come near the oppositely charged workpiece surface, resulting in sparks and material erosion. Further, the bubbles that are formed during machining also carry debris as entrapments and their motion along with the moving fluid also bring chances of secondary sparking, especially at the top side of the cavity where the bubbles explode and release the entrapped debris.
Analysis of internal edge radius
The shape of the target feature in present study is square shaped prismatic cavity with sharp edges. Even though rounding off along the internal edges is not at all preferred, the phenomenon is unavoidable in process like EDM. Hence a smaller value of internal edge radius is preferable. Figure 6 (a) and 6(f) shows the variation of signal to noise ratio with change in pulse ON time when the electrode material employed are respectively copper and graphite. It can be seen the signal to noise ratio reduces with increase in pulse ON time. This implies that the rounding off of the internal edges is least at lowest pulse ON time for both tool electrode materials.
From Figure 6 (b) and 6(g), it can be seen that signal to noise ratio for internal edge radius of the cavity reduces with increase in tool path offset for both copper and graphite electrode. However, at higher tool path offsets, the ratio is observed to increase when copper is used as tool electrode. But for graphite, no significant difference is observed at similar conditions. Even though the trends are similar for features generated with graphite electrode, it is worth noting that the reduction in internal edge radius at higher tool path offset is very marginal.
Effect of scanning speed of the tool electrode on rounding off of the internal edges of the cavities generated using copper and graphite electrode are shown in Figure 6 (c) and 6(h). It has been understood that in the case of features machined using copper electrode, no significant effect has been observed on the response and lower scanning speed is preferable for accurate feature machining. However, when the electrode material is graphite, the internal edge radius is observed to reduce with increase in scanning speed. Figure 6 (d) and 6(i) show the effect of pulse OFF time on internal edge radius of cavities generated using copper and graphite electrodes respectively. It can be seen that high pulse OFF time values are preferable for generation of sharp internal cavity edges. As pulse OFF time increases, the tool electrode gets sufficient time to dissipate heat to the dielectric fluid. This may avoid the undesirable material loss from the sharp edges of the tool which are more prone to heat accumulation. Copper Graphite
In case of variation of gap voltage on rounding off of internal cavity edges, no specific trend has been observed in case of both copper as well as graphite electrode materials [ Figure 6 (e) and 6(j)]. In case of features machined using copper electrode, a higher gap voltage level is preferable but vice-a-versa in the case of features generated using graphite electrode. Notes: *Pooled error; #SS value considered for calculating pooled error. Table 5 shows the ANOVA results for internal edge radius for features generated using copper and graphite electrodes. It can be seen that in the case of features generated using copper electrode, pulse ON time has a statistical significance. In the case of results obtained for graphite electrode, even though none of the parameters have a statistical significance in the specified confidence interval, pulse ON time has been found to be the most influencing parameter on the response in terms of percentage contribution followed by tool path offset and scanning speed. Figures 7 and 8 show the effect of simultaneous variation of pulse ON time and rest of the process parameters on internal edge radius. It can be seen that a high pulse ON time levels result in to intense rounding off of the internal edges of the cavity. As pulse ON defines the time duration for the sparking occurring in a machining cycle, a larger value for the same will result in higher heat accumulation on tool electrode as well as workpiece. Due to the lower exposure area, the heat intensity will be extremely high at the sharp corners and edges of the tool electrode. This results in loss of material from these areas at a higher rate. As the geometry of the tool during the process is extremely important in EDM process, the distortion of the tool electrode at corners and edges result in generation of cavities with round internal edges. 
Figures 9 and 10 show the effect pulse ON time on internal edge of cavity and the electrode used for machining the same. It can be seen that the internal edge radius is high for features machined at high pulse ON time condition. Further, it is evident that the internal edge radius is high for features machined using graphite electrodes (Figure 10 ). Both these observations are in line with the inferences obtained from the main effect plots. Further, it can be inferred from the Figures 7 and 8 that pulse OFF time does not have a significant influence on the response. However, it is worth noting that the edge reproduction capacity is relatively better when higher pulse ON time levels are employed in the case of copper electrode and vice-a-versa in the case of graphite electrode. Similarly, relatively negligible effect has been observed in the case of variation of gap voltage on the response. 
In the case of variation of tool path offset, it has been observed that the internal edge radius increases in increase in the parameter. The effect has been more evidently seen in the case of features machined using graphite electrodes. The observation may be attributed to the heat capacity of the electrodes. As the final size of the cavity is kept fixed in present study, the size of the tool electrode employed will vary with variation of tool path offset. This implies that the cross sectional size of the tool electrode will reduce with increase in tool path offset. As the size of the tool electrode reduces the capacity of the electrode to conduct away the heat reduces. This may result in excessive material erosion from the sharp edges of the tool electrode, resulting in final feature distortion. 
Electrode Electrode
Further, it can also be understood from Figures 7 and 8 that even though the response is not much affected in the case of features generated using copper electrode, a higher scanning speed has been found to be preferable in the case of features generated using graphite. An increase in scanning speed creates more turbulence in the machining zone thereby facilitating more effective removal of debris. This may reduce chances of material erosion from the tool electrode due to secondary sparking. Further, the effective circulation of the dielectric fluid will reduce any possible heat accumulation in the tool electrode. These conditions will facilitate the tool in retaining its sharp features, thereby resulting in machining of accurate feature. Copper Graphite
Analysis of cavity depth achieved
Figure 11(a)-11(j) show the effect of various process parameters on cavity depth achieved during planetary EDM of Ti-6Al-4V using copper and graphite electrodes. It can be seen from Figure 11 (a) and 11(f) that the trends for cavity depth achieved using copper and graphite are different. In case of copper the depth achieved increases with increase in pulse ON time. However in case of graphite, lower pulse ON time is preferable for achieving higher cavity depth. It is worth noting from Figure 11 (b) and 11(g) that the effect of variation of tool path offset on cavity depth achieved is similar for both copper and graphite electrodes. The response has been observed to decrease with increase in tool path offset. Further, from Figure 11 (c) and 11(h), it can be understood that scanning speed of the tool electrode does not have a significant effect on the extent of attainment of cavity depth. However, the graphs suggest that for both electrode materials, a lower level of scanning speed is preferable. Similar trends have been observed in the case of variation of pulse OFF time and gap voltage. Table 6 shows the ANOVA results for cavity depth achieved with copper and graphite electrodes. It can be seen that pulse ON time and tool path offset has significant effect on the response for both electrode materials. These observations are in line with the findings that have been deduced from the main effective plots. Figures 12 and 13 show the surface plots for achieved cavity depth, which have been plotted between the most significant parameters against the rest. It is clearly evident from the graphs that both pulse ON time and tool path offset have a significant effect on the extent of attainment of cavity depth using copper as well as graphite electrodes. 
The attainment of cavity depth is highly correlated with the discharge energy employed for machining and the heat capacity of the electrode used for machining. Copper being a high conductive material, dissipates heat more efficiently resulting in to less heat accumulation in the material. Further the formation of thick layer of carbon on the tool surface at high pulse ON time conditions acts as a protective layer, thereby reducing the chances of intense wear and hence facilitates in achieving high cavity depth. But as graphite has relatively poor thermal properties, the high temperature conditions that occur at high pulse ON times result in intense wear, leading to removal of lower amount of material from the workpiece. 
Apart from this, since the tool electrode cross sectional size has been varied with respect to the change in tool path offset, the change in heat capacity may result in to change in the end wear characteristics of the tool electrode. A tool electrode having smaller cross sectional size, which are used under higher tool path offset, tend to wear out quickly owing to its low heat carrying capacity. So, at high tool path offset and high pulse ON time combination, the end wear on the tool electrode will be intense, resulting in to incomplete removal of material from the workpiece. It is also worth noting that parameters like scanning speed, pulse OFF time and gap voltage have relatively lower effect on the response in comparison with effects of pulse ON time and tool path offset. Figure 14 shows the cavities that have been machined at different conditions of pulse ON time and tool path offset using copper and graphite electrodes. As inferred from the main effect plots and ANOVA results, it can be seen that both pulse ON time and tool path offset have a significant effect on cavity depth achieved. Further, it can also be understood from the analysis of results as well as cavity images that, for the selected parameter range, copper facilitate effective material removal than graphite.
Conclusions
A detailed analysis of the inaccuracies in features generated by planetary EDM on Ti-6Al-4V using copper and graphite electrodes has been carried out. Following conclusions have been deduced:
• Overcut in features machined by planetary EDM is highly influenced by pulse ON time. It has been observed through ANOVA that the parameter has a percentage contribution of 51.71% and 34.98% when the electrodes used are copper and graphite respectively.
• Among tool actuation parameters, scanning speed of the tool electrode is observed to have an effect on overcut as the percentage contribution observed for the parameter in the case of features machined using copper electrode is 32.44% and 15.62% in the case of graphite electrodes.
• Internal edge radius of the features machined is significantly influenced by the wear characteristics on the tool electrode.
• Pulse ON time is observed to have the highest statistical influence on internal edge radius with a percentage contribution of 76.65% for features generated using copper electrode and 28.69% for those machined using graphite electrodes.
• Pulse ON time is found to have percentage contribution of 15.72% and 33.29% respectively for features generated using copper and graphite electrodes respectively.
• Unlike other responses, cavity depth achieved is also found to be influenced by tool path offset especially in the case of features generated using copper electrodes (with a percentage contribution of 79.85% for copper electrodes and 33.29% for graphite electrodes).
• In terms of machining efficiency, it has been understood that copper is preferable to graphite for generation of sharp and accurate features.
In present work, only inaccuracies that come up in the features machined using the concept of planetary EDM of square features have been discussed. However, the work may be extended in terms of in depth surface characterisation of machined features, in which both metallurgical as well as morphological aspects can be investigated.
